The tetravalency of carbon and its ability to form covalent bonds with itself and other elements enables large organic molecules with complex structures, functions and dynamics to be constructed. The varied electronic configurations and bonding patterns of inorganic elements, on the other hand, can impart diverse electronic, magnetic, catalytic and other useful properties to molecular-level structures. Some hybrid organic-inorganic materials that combine features of both chemistries have been developed, most notably metal-organic frameworks 1 , dense and extended organicinorganic frameworks 2 and coordination polymers 3 . Metal ions have also been incorporated into molecules that contain interlocked subunits, such as rotaxanes [4] [5] [6] [7] and catenanes 6, 8 , and structures in which many inorganic clusters encircle polymer chains have been described 9 . Here we report the synthesis of a series of discrete rotaxane molecules in which inorganic and organic structural units are linked together mechanically at the molecular level. Structural units (dialkyammonium groups) in dumb-bell-shaped organic molecules template the assembly of essentially inorganic 'rings' about 'axles' to form rotaxanes consisting of various numbers of rings and axles. One of the rotaxanes behaves as a 'molecular shuttle' 10 : the ring moves between two binding sites on the axle in a large-amplitude motion typical of some synthetic molecular machine systems [11] [12] [13] [14] [15] . The architecture of the rotaxanes ensures that the electronic, magnetic and paramagnetic characteristics of the inorganic rings-properties that could make them suitable as qubits for quantum computers [16] [17] [18] -can influence, and potentially be influenced by, the organic portion of the molecule.
The basis for the hybrid organic-inorganic rotaxane synthesis lies in the observation 19 that the formation of heterometallic rings of various shapes and sizes, containing seven or more trivalent Cr(III) ions and one or two divalent metal ions (typically Ni(II), Co(II), Fe(II) or Cu(II)) bridged by multiple fluoride and alkyl/aryl carboxylate anions, is templated by various organic cations 20 , including imidazolium 21 , N-alkylimidazolium 21 and primary 22 and secondary 19 ammonium groups. Dialkylammonium salts have previously been used to direct the assembly of rotaxanes based on crown ethers 23, 24 , cucurbituril 25, 26 and cyclic peptides 27 , so it seemed possible that they could also template the formation of rotaxanes using heterometallic rings. Secondary amine threads (1a-c) were constructed with bulky 'stoppers' at each end of the axle to prevent subsequent de-threading of the heterometallic ring assembled around the ammonium template. The threads were reacted 19 (Fig. 1a) . Although no rotaxane was observed with the shorter threads (1a and 1b), probably owing to there being insufficient space between the stoppers to accommodate the bulky heterometallic ring, we found that with a six-carbon-atom spacer between the ammonium centre and each stopper (thread 1c), [2] rotaxane 2c was produced in 23% yield, which is rather efficient for what is essentially a 33-component assembly process (each metal-ligand bond is dynamic under the reaction conditions). Confirmation of the interlocked nature of 2c was provided by the solid-state structure of a single crystal of the [2] rotaxane grown from a saturated diethyl ether/acetonitrile solution (Fig. 1b) . The [2] rotaxane is a neutral molecule, the positive charge on the ammonium thread being balanced by the charge remaining on a heterometallic macrocycle consisting of 24 monoanionic ligands (eight fluorides and sixteen pivalate groups) bound to seven trivalent cations (Cr(III)) and one divalent (Co(II)) cation. The crystal structure shows the ammonium cation in the centre of the cavity of the macrocycle, forming short (,2.0 Å ) F The X-ray structure shows the eight metal centres in each heterometallic wheel to be almost perfectly coplanar, with the two faces of the ring almost identical in terms of physical shape and geometry. Nevertheless, the wheel is intrinsically chiral (that is, has a nonsuperimposable mirror image) because the one Co(II) ion must have either a (D) arrangement or a (L) arrangement of the ligands in its octahedral coordination sphere (see Supplementary Information for an explanation of this nomenclature). The chirality is particularly apparent in the unequal magnetic effect exerted on each geminal proton in the methylene groups of the thread as revealed by 1 H NMR spectroscopy (see below). The sixteen pivalate groups form a lipophilic outer coating for the heterometallic ring, conferring good solubility of the rotaxane in a range of organic solvents, including toluene, dichloromethane, chloroform and diethyl ether.
Comparison of the 1 H NMR spectrum of the parent thread, 1c (Fig. 2a) , with that of the rotaxane, 2c (Fig. 2b) , and a partially deuterated analogue, d 144 -2c (Fig. 2c, d ), shows that the basic structure found in the solid state is retained in C 2 D 2 Cl 4 solution and also gives some information regarding the dynamics of the relative motion of the mechanically interlocked components. As one of the eight metal ions (Co(II)) is different from the other seven (Cr(III)) in each ring, if the heterometallic ring spun about the axis of the thread rapidly on the NMR timescale then the sixteen pivalate groups should experience eight non-equivalent sets of chemical environmentsfour for axial and four for equatorial pivalate groups-as observed Fig. 2b ) are present for the [2] rotaxane at 330 K in C 2 D 2 Cl 4 (500 MHz), and as cooling to 240 K does not change this number, nor appreciably broaden the signals, it appears that the heterometallic ring rotates about the thread (randomly under thermal motion) very rapidly under these conditions.
The most dramatic effects of interlocking the inorganic and organic components, however, are the very large shifts (up to 45 p.p.m.; Fig. 2d ) in the thread protons caused by the paramagnetic Co(II) ion, the greatest shifts generally occurring for the protons closest to the heterometallic wheel. The presence of two signals for each pair of methylene protons is due to the two protons of each methylene group (labelled primed and unprimed in Fig. 2 ) being diastereotopic (that is, magnetically distinct) given the chirality of the heterometallic wheel. The magnitude of the shifts is highly sensitive to changes in temperature (for example, there is a 6-8-p.p.m. change in the chemical shift of H b and H b' over a range of just 30 K; compare Fig. 2c with Fig. 2d) .
The hybrid organic-inorganic rotaxane synthesis was successfully extended to threads containing more than one ammonium binding site (Fig. 3) . This enabled the preparation of significantly more complex architectures (Fig. 4) [3] rotaxane 5b in 45% yield (from 65 components), without any significant quantity (,1%) of the corresponding [2] rotaxane. The X-ray structure (Fig. 4a ) of a single crystal of 5b grown from a saturated solution in tetrahydrofuran/ acetonitrile shows types of intercomponent interactions similar to those observed with [2] rotaxane 2c, although at one of the macrocycle-thread binding sites the four NH???F contacts are of such similar lengths that they can be considered to be pairs of bifurcated F Notably, changing the divalent metal from Co(II) to Cu(II) led to a [4] rotaxane, 6b, with two thread molecules circumscribed by two heterometallic macrocycles 28 , each ring containing ten octahedral Cr(III) ions and two square-pyramidal Cu(II) ions. By modifying the ratio of the trivalent:divalent metal-salt reagents from 7:1 to the 5:1 required for the stoichiometry of this product, we isolated [4] rotaxane 6b in 37% yield (from 98 components: 24 metal ions, 44 pivalate groups, 28 fluoride ions and two organic threads). The X-ray structure (Fig. 4c) solution of the [4] rotaxane in diethyl ether and acetonitrile was solved with data collected using the Advanced Light Source synchrotron, Lawrence Berkeley National Laboratory. The different coordination requirements of Cu(II) (five coordinate) compared with Co(II) (six coordinate) leads to some enforced changes in the ligand arrangement for the larger heterometallic wheel, and in the [4] rotaxane two of the 14 fluoride ligands are bound to only one metal ion rather than bridging two. These two singly coordinated fluoride anions have a central role as hydrogen-bond acceptors in the intercomponent binding motifs of the [4] rotaxane in the solid state, each being involved in bifurcated hydrogen-bonding to two ammonium groups on different threads (Supplementary Information).
By shortening the spacer between the ammonium units on the thread from twelve (3b) to six methylene groups (3a)-which is too short to allow heterometallic rings to reside simultaneously on both ammonium sites-and adding (chloromethyl)triethylammonium chloride to the reaction, we were able to form a [2] rotaxane with one heterometallic ring on a thread with two ammonium groups, 4a, in 33% yield (Fig. 3) . The (chloromethyl)triethylammonium chloride was originally introduced accidentally to the reaction as an impurity, produced by the alkylation of triethylamine by dichloromethane during isolation of the thread by column chromatography. However, when subsequent reactions using pure samples of the thread failed to produce any of rotaxane 4a, analysis of the original procedure established the presence of (chloromethyl)-triethylammonium chloride in the successful rotaxane-forming experiment. When (chloromethyl)triethylammonium chloride was deliberately added to the pure thread, the reaction once again produced rotaxane 4a. Other tetraalkylammonium salts, such as tetraethylammonium chloride, did not promote rotaxane formation when added to the reaction mixture. This suggests that the chloromethyl group has a crucial role, possibly as an electrophilic site of temporary attachment for the tetraalkylammonium cation, which might then act as a macrocyclization template for a growing oligomeric metal-pivalate-fluoride chain.
Unusually for a hydrogen-bonded molecular shuttle, the random back-and-forth shuttling of the macrocycle between the two binding sites on the thread in 4a occurs on a very different timescale from the spinning of the ring about the axis of the thread. At 300 K, the 500-MHz 1 H NMR spectrum of 4a in a range of solvents (CDCl 3 , C 2 D 2 Cl 4 , d 8 -tetrahydrofuran) shows a well-resolved pair of signals for each chemically distinct 'stopper' proton (Supplementary Information), the difference within each pair being caused by whether the adjacent ammonium centre is vacant or occupied by the heterocyclic ring, indicating that the shuttling between them is slow on the NMR timescale. Heating to 360 K (C 2 D 2 Cl 4 as solvent) did not significantly broaden, let alone coalesce, the signal pairs. However, the dynamic exchange of the ring between the two thread ammonium sites could be measured by polarization transfer between signal pairs during the mixing time in two-dimensional exchange spectroscopy experiments 29 (Supplementary Information). These measurements gave a rate of exchange of 1. 21 . This value is at least (and possibly much more than) 10 kcal mol 21 higher than the activation barrier to spinning of the ring. This significant difference can be rationalized from the intercomponent NH???F hydrogen-bonding seen in the various crystal structures (Figs 1b and 4) . During spinning, the pseudo-C 8 -symmetry of the bridging fluoride ions in the wheel enables the NH-F hydrogen bonds to be transferred from one fluoride ion to the next by a lowenergy route that does not require significant breaking of an existing hydrogen bond before a new one starts to form, that is, conversion from a 'short' NH???F hydrogen bond to a 'long' one through a bifurcated system. These motifs are all seen in the X-ray structures of the various rotaxanes. By contrast, any shuttling mechanism for 4a must require complete breaking of all the intercomponent NH???F hydrogen bonds before translocation of the wheel to the other ammonium binding site can occur.
The linking of organic and inorganic components at the molecular level by mechanical bonding imparts features of both chemistries (for example dynamics and magnetism) to the overall structure, and introduces new and intriguing behaviour through the combination of the two (for example the differences in the mechanisms of rotational and translational intercomponent motion, new non-covalent binding motifs, extreme temperature sensitivity of chemical shifts, novel types of template mechanism and so on). The provision of a simple and versatile synthetic route for linking inorganic and organic components by mechanical bonds at the molecular level should make it possible to create molecules with composite properties, including new behaviours and characteristics that may arise by combining features that have previously been solely the preserve of one type of chemistry or the other.
